Abstract: This paper investigates the problem of designing cellular manufacturing systems incorporating several design features including multi-period production planning, sequence of operations, alternate process routings, intra-cell layout, dynamic system reconfiguration, duplicate machines, machine capacity, lot splitting, and material flow between machines in a dynamic environment. The problem is formulated through a comprehensive integer linear programming model. The objective is to minimise the total costs of inter-cell material handling, forward and backward intra-cell material handling, machine operating, machine maintenance and overhead, cell reconfiguration, outsourcing and inventory holding. The main constraints are demand satisfaction, cell size, machine availability, machine time-capacity, material flow conservation and machine location. Computational results are presented by solving some numerical examples to verify the model performance and illustrate its advantageous aspects.
Introduction
Cellular manufacturing (CM) is a production system in which similar parts are classified into part families and different machines are assigned into machine cells in order to utilise the cost-effectiveness of mass production and flexibility of job shop manufacturing simultaneously. Comprehensive summaries and taxonomies of studies devoted to cell formation problem (CFP) were presented in Wemmerlov and Hyer (1986) , Kusiak and Chow (1987) and Selim et al. (1998) . Recent works on CM design focus on the development of more integrated models and solution methodologies (Mansouri et al., 2000; Yin and Yasuda 2006; Balakrishnan and Cheng, 2007; Paydar and Saidi-Mehrabad, 2013) .
In the most research works, CFP has been considered under static conditions in which cells are formed for a single time period with known and constant product mix and demand. The concept of dynamic cellular manufacturing system (DCMS) is introduced by Rheault et al. (1995) . In dynamic environment a multi-period planning horizon is considered where each period has different product mix and demand requirements. Consequently, the formed cells in a period may not be optimal and efficient for the next period. Moreover, previous models of CFP using sequence data have not addressed the layout issue explicitly. While their solutions might have correctly identified the machines for each cell, arbitrarily laying machines within each cell may result in a poor layout of the machines in the cells.
The aim of this paper is to present a new mathematical model with an extensive coverage of important manufacturing features consisting of multi-period production planning, sequence of operations, alternate process routings, intra-cell layout, dynamic system reconfiguration, duplicate machines, machine capacity, lot splitting, and material flow between machines. The objective is to minimise the total costs of inter-cell material handling, forward and backward intra-cell material handling, machine operating, machine maintenance and overhead, cell reconfiguration, outsourcing and inventory holding. The main constraints are demand satisfaction, cell size, machine availability, machine time-capacity, material flow conservation and machine location.
The proposed model is different from the existing models of DCMS in at least five aspects. In the first aspect, single-row layout of equal area facilities is considered to locate machines in each cell (intra-cell layout). The single row layout problem occurs when facilities have to be located along a line (Djellab and Gourgand, 2001; Ficko et al., 2004) . Several shapes may be considered in this situation, such as straight line, semicircular or U-shape (Hassan, 1994 ). In our model, straight line shape is considered for designing the layout of equal area machines in each cell. In the second aspect, calculation of forward and backward intra-cell material handling costs is done with considering the operation sequence. In the third aspect, the cost of intra-cell material handling between machines of the same type located in different locations of a cell is calculated accurately. In the fourth aspect, the equations of material flow conservation are applied to show material flow pattern clearly, and in the fifth aspect, calculation of intra-cell material handling costs is based on the distance between the locations assigned to machines. Consequently, the material handling cost is calculated in a more accurate method with respect to the other works incorporating layout problems in CMS.
The rest of this paper is organised as follows: Section 2 presents a review of the relevant literature. The problem formulation of a new integrated model is described in Section 3. Computational results are in Section 4 to illustrate the model validation. Finally, conclusions are given in Section 5. Mungwattana (2000) focused on dynamic and stochastic production requirements and routing flexibility. Two models are developed in a dynamic environment with the cell reconfiguration from period to period. The model also considers the machine allocation problem and machine operating together with machines that have multifunctional capabilities. Akturk and Turkcan (2000) solved the CFP along with the intra-cell layout problem simultaneously. A mixed-integer programming model, under alternative routings, layout, cell size, low utilisation and low profit level constraints is formulated to solve the CFP and intra-cell layout problem simultaneously. Solimanpur et al. (2004) developed a multi-objective integer programming model to design a cellular manufacturing system with multiple process plans and independent cells. The objectives considered in their model are to maximise the total similarity between the parts, minimise the total processing cost, minimise the total processing time, and minimise the total investment needed for the acquisition of machines. Chen and Cao (2004) integrated production planning and CMS to minimise the sum of costs of inter-cell material handling, setting up manufacturing cells, holding the finished items over the planning horizon, setting up the system to process different parts in different time periods, and machine operating. Cao and Chen (2005) integrated cell formation and part allocation to generate a robust system configuration in order to minimise the sum of the machine cost and expected inter-cell material handling cost along with product demands expressed in a number of probabilistic scenarios. Nsakanda et al. (2006) considered inter-cell, intra-cell and outsourcing costs. Their work included part demands, machine capacity limits, multiple process plans and alternative routings for each part type, the processing sequence of parts, the trade-off between inter-cell and intra-cell costs and the option of outsourcing. Defersha and Chen (2006) have developed a non-linear mixed integer model incorporating various aspects of manufacturing in addition to the CFP: dynamic cell reconfiguration, lot splitting, operation sequence, multiple units of identical machines, machine capacity, workload balancing among cells, operation cost, outsourcing, setup cost, cell size limits and machine adjacency constraints. Wu et al. (2007) developed a hierarchical GA to simultaneously identify manufacturing cells and the group layout. Saidi-Mehrabad and Safaei (2007) presented the dynamic cell formation model in which the number of formed cells at each period can be different with the objective of minimisation of machine cost, relocation and the inter-cell movement costs. A neural networks approach is proposed to solve the developed model. Safaei et al. (2008) developed a mixed-integer programming model considering the batch inter and intra-cell material handling by assuming the sequence of operations, alternative process plans, and machine replication to design the CMS under a dynamic environment that minimises the sum of the machine constant and variable costs, inter and intra-cell material handling, and reconfiguration costs. Defersha and Chen (2008b) developed a comprehensive mathematical model for dynamic manufacturing cell formation with a multi-item and multi-level lot sizing aspects and the impact of lot size on product quality. They formulated a model incorporating a number of manufacturing features such as: dynamic system configuration, alternative routings, sequence of operations, machine capacity constraint, workload balancing, cell size limit and machine closeness requirements. Ahkioon et al. (2009) developed a preliminary CM model that integrates several manufacturing attributes such as multi-period planning, dynamic system reconfiguration, production planning and alternate routings. Safaei and Tavakkoli-Moghaddam (2009) presented an integrated mathematical model of the multi-period CFP and production planning in DCMS by focusing on the operational aspects of the cell formation. This model minimises the constant and variable costs of machine, inter and intra-cell material handling costs by assuming the operation sequence, production planning costs including inventory, backorder, and partial subcontracting costs. Aramoon Bajestani et al. (2009) presented a non-linear mixed integer programme to model a dynamic CFP in presence of machine flexibility, alternative process plans, and machine relocation. The multi-objectives of their model were to minimise the total cell load variation and the sum of costs of machine, inter-cell material handling and machine relocation, simultaneously.
Literature review
Many models have been proposed for CM incorporating several system features simultaneously. A list of these important features is given in Table 1 . In this study, 31 recently published articles have investigated and the majority of corresponding features considered were presented in Table 1 . The model presented in this paper includes a larger coverage of the features than the individual papers presented in Table 2 . Such a CMS model has not been proposed until now with the presence of alternate process routings, operation sequence, duplicate machines, machine capacity, intra-cell layout, lot splitting and material flow between machines. Current research 
Mathematical model and problem descriptions

Model assumptions
The proposed model involved multi-period production planning, intra-cell layout and system reconfiguration along with alternative processes routings. In this section, the integrated problem is formulated as an integer linear programming model under the following assumptions:
1 Consecutive operations of each part type are processed on different machine types in a given sequence.
2 The processing times for all operations of part types on different machine types are known and deterministic.
3 The demand for each part type in each period is known and deterministic.
4 We consider the manufacturing system in a number of time periods. One time period could be a month, a season, or a year.
5 Parts are moved between and within cells. Inter-cell movement is incurred whenever consecutive operations of the same part type are carried out in different cells. The intra-cell movement is incurred whenever consecutive operations of the same part type are processed in the same cell. Moreover, in the manufacturing systems, the backward movement incurs more expenses, so its cost is assumed greater than forward movement cost in the proposed model.
6 We assume the type of layout is linear and all machine types should be assigned to locations which have same dimensions. Hence, the distance between two machines assigned to two different locations is calculated by subtracting location numbers of those machines from each other.
7 Each machine type has a limited capacity expressed in hours during each time period and is constant over the planning horizon.
8 Lot splitting results that a part operation can be divided into several machines within the same cell or in different cells. Lot splitting is useful because it improves machine utilisation, reduces material handling and can permit better process routings to be found by the model. We apply lot splitting at the design of proposed model.
9 There are several machines of each type with identical duplicates to satisfy capacity requirements and reduce/eliminate inter-cell movement. The number of duplicates of each machine type is constant over the planning horizon.
10 All machine types are assumed to be multi-purposed ones. Thus, each machine type can process one or more operations without incurring a modification cost. Likewise, each operation-part can be processed on different machine types with different processing times. Thus, each operation of a part type can follow one or more alternative routes to process. Alternative process plans play a significant role in the formation of manufacturing cells and part families and improving machine utilisation. and relocation from one cell to another between periods.
12 Maintenance and overhead costs of each machine type is known. This cost is paid for each machine utilised in each period and idle machines impose no maintenance cost.
13 Operating cost of each machine is dependent on the workload allocated to that machine.
14 The number of cells to be formed in each period is specified in advance.
15 The number of machines in each cell should be with in lower and upper limits.
16 Depending on the demand volume and total costs of meeting that demand, the system can produce some surplus parts in a period, hold between successive periods and use in future planning periods. Furthermore, due to limited machine capacities, outsourcing can be used to procure some of the required parts to meet the market demand. It is assumed that there is no initial inventory and that no inventory is left over at the end of the planning horizon. u index for set of locations in cell k (u = 1, 2, …,U k ). 
Parameters
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The objective function consists of eight cost components. The first term denotes the inter-cell material handling cost. This cost is directly proportional to the number of parts moved between these two cells. The second term of the objective function represents the forward intra-cell material handling cost, where the forward movement distance between machines j and j' assigned to locations u and u′ is calculated by u′ ─ u. This cost is sustained whenever consecutive operations of the same part type are processed in the same cell but on two machines of different types or even same type in forward layout. The third term of objective function represents the backward intra-cell material handling cost, where the backward movement distance between machines j and j' assigned to locations u and u′ is calculated by u ─ u′. This cost is sustained whenever consecutive operations of the same part type are processed in the same cell but on two machines of different types or even same type in backward layout. Term (1.4) denotes the machine maintenance and overhead costs. Term (1.5) is the reconfiguration cost of cells. Term (1.6) represents the machine operating cost. The last two terms are the total sum of the production planning costs consisting of subcontracting and inventory holding costs, respectively. Inequalities (2) and (3) permit that operation s of part type i is processed on the machine type j in location u of cell k, if machine type j can process that operation and is located in location u of cell k. Inequality (4) ensures that each machine can be assigned to only one location in each cell at most. Upper and lower bound of the cell size specified by designer are enforced with equations (5) and (6). Constraint (7) implies that the total number of machines of each type assigned to the cells is less than or equal to the number of machines of the same type that are available during each period. Equation (8) accounts for cell reconfigurations in which the number of machines of each type in a cell during the current period is equal to the number of machines of the same type in that cell during the previous period, either plus the number of machines of the same type added in that cell, or minus the number of machines of the same type removed from that cell.
Inequality (9) ensures that time-capacity limitation of each machine is satisfied. Constraint (10) shows that demand of each part can be satisfied in period t through production or outsourcing or inventory carried from the previous period or each combined strategy of these production planning decisions leading to optimal plan. Constraint (11) is material flow conservative equation. Constraints (12) to (15) are the logical binary or non-negativity integer necessities on the decision variables.
To better understanding the equation of material flow conservation, we consider Figure 1 illustrating the material flow between machines to produce part type i = 1 in period t = 1. Based on Figure 1, (1)
We assume that machine type j = 3 located in location u = 1 of cell k = 2 processes the operation s = 2 of part type i = 1. The number of part type 1 processed with the second operation on machine type 3 assigned to location 1 in cell 2 is equal to the number of part type 1 processed with the first operation on all machine types present in system and transferred from them to the machine type 3 assigned to location 1 in cell 2 to process second operation, and equal to the number of part type 1 departed from machine type 3 assigned to location 1 in cell 2 to the other machine types to process third operation. 
Machine type j in location u of cell k
Computational results
To verify the proposed model and illustrate its performance, some examples are solved by a branch-and-bound (B&B) method on a personal computer including two Intel® Core TM 2 and 2 GB RAM. The first example is generated arbitrary and the related information is given in Tables 3, 4 and 5. It consists of three part types, five machine types and two periods. Each part type is assumed to have three operations that must be processed consecutively. Each operation can be performed on two alternative machines. Table 3 shows the machine information such as machine availability, maintenance and overhead cost, operating cost, installing and removing machine cost and machine-time capacity. For simplicity, the availability and time-capacity of all machine types are assumed equal to 3 machines and 500 hours per period, respectively. Table 4 includes outsourcing cost, inventory holding cost, demand quantity at each period and material handling costs as part information. Table 5 shows the sequence data in which each part type is assumed to have three operations that must be processed consecutively as numbered in the processing order with the processing time. For instance, the first operation of part 1 can be processed on machine type 3 with processing time 0.73 hours or on machine type 5 with processing time 0.64 hours. Moreover, the number of cells to be formed is two and the minimum and maximum cell sizes for each cell are 1 and 3, respectively. The obtained solution with our model presented in this paper on the explained example is detailed out in the rest of this section. The linearised proposed model consists of 16,493 variables and 16,312 constraints in the considered example. The objective function values obtained in this paper cannot be compared to the previous studies because of the different objective costs and layout issues involved. The cell configurations for two periods corresponding to the optimal solution of the proposed model is shown in Figure 2 and objective function value and production plan are shown in Tables 6 and 7, respectively. Part families, machine groups, part-operation assignment, and intra-cell layout are also depicted in the cell configurations presented in Figure 2 . Figure 2 shows some of the characteristics and advantages of the presented model. By investigating intra-cell layout in Figure 2 , the following assignments are observed. In the first period, two machines of type 1 are assigned to locations 2 and 3 of cell 2 and one machine of type 1 is assigned to location 3 of cell 1. Moreover, one machine of type 3 is assigned to location 2 of cell 1 and one machine of type 3 is assigned to location 1 of cell 2. Finally, one machine of type 4 is assigned to location 1 of cell 1. As mentioned before, changing in part demand results in system reconfiguration. In period 2, the machines of types 3 and 4 are replaced between locations 1 and 2 in cell 1 and one machine type 1 is removed from location 3 of cell 2. In period one, machine type 1 in location 3 of cell 1 spends the time equal to 499.94 hours to process all three operations of part type 2 in quantities of 208, 208 and 294 units sequentially and the third operation of part type 3 in quantity of 200 units. By considering the time-capacity of machine type 1 equal to 500 hours, we can see the full capacity of machine type 1 is utilised to process the mentioned operations.
To illustrate the material flow conservative equations for the proposed model, we show the material flow between machines on directed arcs in Figure 3 . For instance, in period 1, the quantity of third operation of part type 2 processed on machine 1 in location 3 of cell 1 is 294 units from which 208 parts are the same parts processed by operation 2 on the same machine 1 in location 3 of cell 1 and the rest of them, equal to 86 parts are processed by operation 2 on machine 4 in location 1 of cell 1. Inter-cell movement 27 186 Figure 3 shows there is no backward intra-cell movement and moving only one quantity of part type 2 in period 1 from cell 1 to cell 2 to process the third operation imposes one inter-cell movement. Period t = 1, Part type i = 2 To better understanding the material flow between machines and lot splitting happened for production batches of part type 2 in period 1, we depicted the material flow in a graph, shown in Figure 4 . The circles and directed arcs represent the machines assigned to different locations of cells and material flow between those machines, respectively. Part type 2 has three operations to be processed on different machines based on sequence data, then; each operation is considered in a distinct section of graph. Indices j, k and u represent the type of machine, cell number and location number, respectively. For instance, the number 87 in the circle labelled with j = 4, k = 1, u = 1 in the section two of the graph indicates that 87 parts of type 2 are processed on machine 4 in location 1 of cell 1. Furthermore, the arc launching from that circle to the circle labelled with j = 1, k = 1, u = 3 shows that 86 parts of type 2 processed with the second operation on machine 4 in location 1 of cell 1 are transferred to machine 1 in location 3 of cell 1 to process the third operation. It has to be noted that although demand for part 1 in period 1is 300, the system produces 324 parts from which 24 parts will be kept as inventory. This inventory will be used to satisfy a partial of the demand taking place in period 2. The system has utilised any surplus capacities of machines to produce this inventory, for the reason that machine capacities in period 2 to be insufficient to satisfy the whole demand and also outsourcing to be economically unbeneficial.
To illustrate the effect of lot splitting on the cell configurations and production plan, we eliminate this feature from our model. The objective function value and production plan are presented in Tables 8 and 9 , respectively. Figure 5 shows that cell configurations are significantly different from the configurations obtained in the earlier situation. Furthermore, the production plan is dissimilar from the earlier case as at the end of period 1, no inventory of two part types is hold. Eliminating the lot splitting results in increasing the total costs, equal to (81,491 ─ 49,505 = 31,986) . This result is predictable because the absence of lot splitting imposes the following consequents: outsourcing more level of demand because of underutilisation of machines, assigning machines in a poor configuration, utilising less level of machine capacities, and incurring further intra and inter-cell movements. Aggregation of these consequents increases the total costs accumulating the cost components in the objective function. To illustrate the effect of part demand on the cell configurations and production plan, we increase the demand volume of part type 3 to 550 units in period 2. The objective function value and production plan are presented in Tables 10 and 11 , respectively. Figure 6 shows that intra-cell layout in period 2 is changed as one machine type 3 is assigned to location 3 of cell 2. In the earlier situation, D 3 (2) = 0, one machine type 1 was removed from that location. Furthermore, the production plan is modified as at the end of period 1, the inventory level of part type 1 is decreased to zero and 80 parts of type 2 are carried to period 2. Increasing the demand volume of part type 3 results in increasing the total costs, equal to (60,215 ─ 49,505 = 10,710) . This result is predictable because introducing the demand of part type 3 in period 2 imposes the following consequents: holding more level of inventory, installing one machine type 3 in location 3 of cell 2 in period 2, incurring further intra-cell movements or even inter-cell movements, raising the machine processing time and maintaining one machine type 3 added in period 2. Aggregation of these consequents increases the total costs accumulating the cost components in objective function. To illustrate the effect of sequence data on the cell configurations and production plan, we alter the machine-part matrix as shown in Table 12 . The cell configurations obtained under changed sequence data, shown in Figure 7 , demonstrates that configurations are different significantly in compare to the cell configurations shown in Figure 7 . The objective function value and production plan are presented in Tables 13 and 14 , respectively. By comparing the production plans in Tables 7 and 11 , we can understand that changing in sequence data results in negligible modification of process plan as only extra 14 parts of type 1is hold at the end of period 1. In period 2, to process the operation 3 of part type 2 in quantity of 700 units on machine type 1 in location 2 of cell 2, 310 parts of type 2 processed with second operation on machine type 4 in location 1 of cell 2 are transferred to machine type 1 in location 2 of cell 2 that incurs a forward intra-cell movement. Similarly, 310 parts of type 2 processed with second operation on machine type 4 in location 3 of cell 2 are transferred to machine type 1 in location 2 of cell 2 that incurs a backward intra-cell movement. Furthermore, transferring 80 parts of type 2 from machine type 4 in cell 1 to machine type 1 in cell 2 to complete the third operation imposes a inter-cell movement.
By introducing part demands in period 3 shown in Table 15 , the prior example is solved and cell configurations, objective function value and production plan are presented in Figure 8 , Tables 16 and 17, Table 17 shows how part demands are satisfied for part types 1, 2 and 3 through internal production, inventory holding and outsourcing during the three planning periods. Since the option of holding inventory is considered, the system can leverage the excess capacity of capable machines to start production of part types 1, 2 and 3 during period 2 in quantities of 61, 173 and 15 parts, respectively. By simultaneously considering all of the three ways of satisfying the demand for all three part types, the model in this paper presents the optimal production plan given in Table 18 , showing a higher flexibility in satisfying the part demand. Part type 3 is only required to satisfy demand in period 3, with part of it being produced internally during period 3, according to our model. The demand for part type1 is satisfied by outsourcing 74 parts in period 3 and using the 17 parts kept in inventory from period 2. Similar to part type 1, part type 2 also has to be outsourced in the third period to satisfy the demand. This can be due to insufficient machine availabilities and capacities for the required operations. Table 18 shows that outsourcing is imposed in period 3 because there is no surplus capacity of machines to produce parts internally. In period 3, only the machine type 5 in cell 1 has surplus capacity to process operations, but it is not capable to process required operations.
Table 17
The production plan for example with three periods 
Conclusions and further research
We have developed a comprehensive integer linear programming model in DCMS that integrates production planning, dynamic system reconfiguration, multiple routings, machine layout, lot splitting, material flow between machines and several other attributes. The model has designed to minimise the maintenance and overhead cost of machines, operating cost of machines, inter-cell material handling costs, forward and backward intra-cell material handling costs by considering the operation sequence, machine relocation costs, and production plan costs including inventory holding and subcontracting costs. The main constraints were demand satisfaction, cell size, machine availability, machine time-capacity, material flow conservation and machine location. The performance of this model was illustrated by several numerical examples. To analyse the model sensitivity respect to input parameters, we investigated the effect of some features by altering input parameters as follows:
• eliminating lot splitting feature from system
• increasing demand volume of a part in a period
• changing in sequence data of parts
• introducing the demand of parts in period 3.
The advantages of this study with respect to the recent studies were as follows:
• consideration of machine layout in dynamic cellular manufacturing
• calculation of forward and backward intra-cell material handling costs by considering the operation sequence and the distance between the locations assigned to machines • calculation of the cost of intra-cell material handling between machines of same type in different locations of a cell, accurately • introducing of equation of material flow conservation to show material flow pattern clearly due to better calculation of material handling costs • integrating the majority of known parameters used in CM.
The further researches are:
• use a meta-heuristic approach (simulated annealing and genetic algorithm, etc.) to solve the proposed model for real-sized problems
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• Incorporating of other layout types such as U shape and multiple rows
• considering the machines of unequal area
• workload balancing among the cells.
